Redox-mediators such as syringaldehyde (SA) can improve laccase-catalyzed degradation of trace organic contaminants (TrOCs) but may increase effluent toxicity. The degradation performance of 14 phenolic and 17 non-phenolic TrOCs by a continuous flow enzymatic membrane reactor (EMR) at different TrOC and SA loadings was assessed. A specific emphasis was placed on the investigation of the toxicity of the enzyme (laccase), SA, TrOCs and the treated effluent. Batch tests demonstrated significant individual and interactive toxicity of the laccase and SA preparations. Reduced removal of resistant TrOCs by the EMR was observed for dosages over 50. μg/L. SA addition at a concentration of 10. μM significantly improved TrOC removal, but no removal improvement was observed at the elevated SA concentrations of 50 and 100. μM. The treated effluent showed significant toxicity at SA concentrations beyond 10. μM, providing further evidence that higher dosage of SA must be avoided. 
Introduction
Laccases (EC 1.10.3.2) are oxidoreductase enzymes that can effectively oxidize a range of aromatic compounds such as phenols and aromatic amines (Cañas & Camarero, 2010 Addition of a redox mediator may broaden the substrate spectrum of laccase. Mediators are lowmolecular weight substrates of laccase that can act as "electron carriers" between the enzyme and the target pollutant. These include both synthetic (e.g., 1-hydroxybenzotriazole (HBT) and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS)) and natural (e.g., syringaldehyde
(SA) and P-coumaric acid) mediators. Owing to the cost and potential toxicity of the synthetic mediators, the use of laccase in combination with natural mediators has been proposed as an alternative (Camarero et al., 2007; Xu et al., 2000) . While the natural mediators have shown case-specific efficiency in enhancing TrOC degradation (Nguyen et al., 2014; Yang et al., 2013) , certain studies have raised concern about elevated toxicity in the effluent even when natural mediators are used to enhance laccase-catalyzed degradation of pollutants. For example, Fillat et al. (2010) observed increased toxicity in effluent when they used the natural mediator SA to enhance the laccase-catalyzed bleaching of flax pulp. Although there is a lack of consensus regarding the mechanisms of such toxicity, it has been proposed that the highly reactive radical species generated via the laccase -SA system, which aid in enhancing pollutant degradation, may cause toxicity (Fillat et al., 2010; Khlifi et al., 2010 ). In addition, previous studies employing laccase -SA combination to degrade resistant compounds including TrOCs seem to have overlooked the reported inhibitory impact of SA itself (in absence of laccase) on microbes, for example, those capable of biofuel production from lignocellulosic biomass (Richmond et al., 2012; Yu et al., 2014) . It is also important to take into consideration the fact that the laccase system forms a part of the defense system in certain eukaryotes -a notable example being the expression of antibacterial activity of some white-rot fungi (de Boer et al., 2010). Although probably not to the same extent as SA, laccase preparations may also contribute to effluent toxicity as assessed by common single bacterium based aquatic toxicity assays. Notably, most of the available studies on TrOC degradation by laccase -SA system has been carried out in batch incubation tests. Moreover, to date no study has systematically compared the toxicity of laccase and SA preparations separately or in mixture. Particularly, the impact of SA-dose on TrOC removal efficiency by EMR and effluent toxicity remains to be elucidated.
The objective of this study was to assess the performance of an EMR at degrading 31 selected TrOCs at different TrOC and SA loadings, with a special focus on the toxicity of the treated effluent. In discussing the TrOC degradation profiles, due consideration has been provided to the phenolic moiety and other important features of TrOC structure. Effluent toxicity following EMR treatment may be due to generation of toxic by-products and/or due to the afore-mentioned laccase -SA mechanisms. A series of batch tests assessing the toxicity of pure solutions of laccase and SA preparations as well their mixture helped to provide insights into this aspect.
Through a systematic consideration of both TrOC removal efficiency and effluent toxicity, an optimal SA dosage range was recommended.
Materials and methods

Trace organic contaminants
A set of 31 TrOCs, including ten pharmaceuticals, seven pesticides, five steroid hormones, three industrial chemicals, two phytoestrogens, and four personal care products was examined. Key properties of these compounds are listed in Supplementary Data Table S1 . These TrOCs were selected in view of their widespread occurrence in wastewater and wastewater-impacted water bodies and represents different molecular properties such as phenolic vs. non-phenolic moieties and electron donating vs. withdrawing functional groups. All compounds were purchased from Sigma-Aldrich (Australia). A stock solution of the TrOCs was prepared at a concentration of 1 g/L (each) in methanol (99.9%), stored at −18 °C and used within a month of preparation.
Laccase solution and mediator
Laccase, purified from genetically modified A. oryzae, was obtained from Novozymes Australia Pty Ltd. The laccase solution contains water (66%), propylene glycol (25%), glucose (4%), laccase (3%) and glycine (2%) (w/w). It has a molecular weight, density and activity (measured using 2,6-dimethoxy phenol, DMP, as substrate) of 56 kDa, 1.12 g/mL, and 150,000 μM (DMP) /min, respectively.
The mediator SA was used in this study. SA was purchased from Sigma-Aldrich (Australia). A stock solution (50 mM) of SA was prepared in Milli-Q water, stored at 4 °C and used within a month of preparation.
Assessment of laccase and SA toxicity
The bacterial luminescence toxicity screen (BLT-Screen) method described by van de Merwe and Leusch (2015) was used to investigate the individual and interactive toxicity of laccase and SA. In two separate 96-well plates, SA was serially diluted (1:2) along columns 3-11, ranging from 1000 to 4 μM, and laccase was serially diluted (1:2) down rows 'A'-'G', ranging from 750 to 12 μM (DMP) /min. 100 µL from each plate (final volume of 200 µL per well) was then added to a white 96-well microplate (Greiner Bio-One, Austria), resulting in different combinations of laccase and SA concentrations, ranging from 500 to 2 μM for SA and 375 to 6 μM (DMP) /min for laccase. To test toxicity of SA and laccase independent of each other, column 12 contained phosphate buffered saline assay media with laccase only and row 'H' contained phosphate buffered saline assay media with SA only, at the afore-mentioned concentration ranges. A serially diluted (1:5) standard curve of the reference compound, pentachlorophenol (rows 'A'-'G'), and a negative control Milli-Q water (row 'H'), all in phosphate buffered saline assay media, were included in duplicate in the first two columns of the plate for quality control. Five microliters of the luminescent bacteria, Photobacterium leiognathi (from a cryopreserved aliquot) was then added to each well using a multi-channel pipette. Exactly 30 mins later the luminescence of each well was measured on a Fluostar plate reader (BMG Labtech, Germany).
The experiment was run on two separate occasions and the mean % inhibition of luminescence was calculated for each combination of laccase and SA, using the following equation from van For each SA: laccase ratio (which ranged from 0.01 to 21.3) the inhibition of luminescence was plotted against the sum of SA and laccase concentrations and the IC 50 (concentration that causes 50% inhibition of bacterial luminescence) was calculated from the straight line regression. The % inhibition was also plotted against SA only and laccase only concentrations and the IC 50
values for SA and laccase were calculated from the straight line regressions (see Figure 1 ). These
IC 50 values were further used in the assessment of interactive toxicity (see below).
The interactive toxicity of laccase and SA was analysed using an isobologram, following methods originally described by Gaddum (1949) and Loewe (1953) , and implemented widely in Laccase and SA interactive toxicity was analysed by plotting TU laccase vs. TU SA and examining the position of the resulting isobole. In addition, a contour map of toxicity, plotting laccase activity vs. SA concentration was generated in SigmaPlot (Systat Software Inc, San Jose, CA, USA).
Enzymatic membrane reactor
The lab scale EMR set up has been described in a previous study (Nguyen et al., 2015) . Briefly, a Table S1 ).
The removal efficiency was calculated as shown in Equation 3:
where C inf and V iff are influent concentration (ng/L) of the TrOCs and volume (L), respectively. C eff and V eff are effluent (permeate) concentrations (ng/L) of the TrOCs and volume (L) respectively.
TrOC biodegradation during EMR treatment was calculated using the following mass balance equation:
Where versicolor. They, however, carried out the toxicity assay with a much lower laccase activity of 1.5 µM (ABTS) /min, and also used a different luminescent bacterium (i.e., Photobacterium phosphoreum). The laccase preparation used in this study contained preservatives such as propylene glycol, glucose and glycine (25%, 4% and 2%, w/w, respectively), which are generally considered non-toxic. The toxicity of laccase observed in the present study is therefore most likely attributed to the damage to bacterial cells via laccase-catalyzed reactions.
[ suggested that radicals formed due to oxidation of mediators may also interact with vitally important biomolecules and result in cytotoxic effects. Thus, it was anticipated that the laccase -SA mixtures prepared here would exhibit increased toxicity. Indeed a strong synergism between laccase and SA in terms of the toxicity of the mixture was observed ( Figure 2 ). As noted in Section 2.3, the interactive toxicity of laccase and SA was analysed using an isobologram i.e., However, their high removal by the EMR in this study may be due to their retention by a laccase gel layer (formed on the membrane) and subsequent degradation, as further discussed in Section 3.5. It is also noted that the formation of enzyme gel layer could lead to the membrane fouling. rTU was recorded in case of an SA dose of 100 µM, compared to a toxicity of 2.5 rTU at an SA dose of 10 µM ( Figure 6 ). Two notable observations were made regarding the toxicity of the EMR effluent: (i) the toxicity of the influent containing 10 and 50 µM SA was significantly decreased after the EMR treatment (2.5 vs. below detection limit, and 10.5 vs 7.0 rTU, respectively), but (ii) an increase in the toxicity of the effluent was observed when SA was added at a concentration of 100 µM (11.1 vs 19.9 rTU) ( Figure 6 ). An SA concentration -specific toxicity was also reported in a previous batch study wherein a crude enzyme extract (mainly laccase from T.versicolor) and SA were used (Nguyen et al., 2014) . Highly reactive phenoxyl radicals are produced due to oxidation of SA by laccase. These radical species can be consumed as they react with TrOCs (Margot et al., 2015) . However, due to continuous addition of SA in excess, copious amount of reactive radical species are likely to be produced. The unconsumed radicals and SA can permeate through the membrane to the treated effluent and increase its toxicity. It is also important to note that the degradation by-product from the EMR with laccase only and EMR-laccase-SA may be different. The difference of by-product may cause an elevated toxicity in case of EMR-laccase-SA. However, quantitative or identical analysis of by-product was under the scope of this study. Nevertheless, the SA dose must be carefully controlled, particularly because higher SA dose did not necessarily achieve better TrOC removal (Figure 4b) but heighten toxicity in the effluent,
Conclusions
With increase in TrOC concentration from 50 -100 µg/L, 8-28% reduction in removal of some resistant TrOCs was observed due to kinetic limitations. SA addition at a dose of 10 µM significantly increased TrOC removal. Elevated dosages of SA (50 and 100 µM) could not improve TrOC removal efficiency further, but increased effluent toxicity, which may be attributed to the passage of unconsumed SA and phenoxyl radicals (highly reactive radicals generated from SA-oxidation by laccase) through the membrane to the effluent. Overall, the TrOC removal and treated effluent toxicity data suggested that a high dose of SA should be avoided.
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